The vaporization enthalpies and liquid vapor pressures from T ) 298.15 K to T ) 510 K of a series of polyaromatic hydrocarbons have been measured by correlation-gas chromatography. The vaporization enthalpies measured in kJ · mol -1 include:
Introduction
Polyaromatic hydrocarbons (PAHs) are an important group of environmental contaminants that are produced by a variety of incomplete combustion processes. The volatility of these materials varies drastically depending on their size and structure. The larger PAHs are relatively nonvolatile and are often found adsorbed on particulate matter. The partitioning between adsorbed material and the vapor is frequently described empirically on the basis of the vapor pressure of the subcooled liquid. [1] [2] [3] [4] [5] Since the subcooled liquid states of most of the larger PAHs at ambient temperatures are inaccessible, indirect methods have been employed to estimate their vapor pressures.
Vaporization enthalpies of crystalline materials are also quite useful. Combined with fusion enthalpies, they can provide sublimation enthalpies of compounds that are too nonvolatile to be measured by conventional methods, but many can be put through a gas chromatograph. 5, 6 Additionally, vaporization enthalpies combined with fusion enthalpies have been used to provide independent confirmation of the magnitude of a sublimation enthalpy measurement. Despite their usefulness, there is only a limited amount of such data available. 7 Gas chromatography has been used in various ways to obtain both vaporization enthalpies and subcooled vapor pressures.
1-5 Our group has been promoting correlation-gas chromatography as a simple and reliable manner in which vapor pressures and vaporization enthalpies of the subcooled liquid can be derived. 5, 6 Since each analyte gets adsorbed on the column and moves on the column according to its vapor pressure on the column, measurement of the temperature dependence of its elution time provides a convenient measure of the interaction of the analyte with the column. The magnitude of this interaction energy, referred to as the enthalpy of transfer from the stationary phase of the column to the gas phase, (T m ) / R, where R is the gas constant. The term t o is a reference time, 1 min, and t a represents the adjusted retention time. The adjusted retention time of an analyte on a column is evaluated as the difference between the actual retention time measured and the retention time of an unretained reference, usually the solvent. Additionally, ln(t o /t a ) of each hydrocarbon analyte has also been found to correlate linearly with ln(p) where p is the vapor pressure of the liquid phase of each analyte at a given temperature. 5, 6 Thus, the same series of experiments can be used to evaluate vapor pressures if the mixture contains components with known vapor pressures.
This study reports the vaporization enthalpy and temperature dependence of vapor pressure for a series of PAHs that have previously been reported at T ) 298.15 K as well as new measurements for compounds that do not appear to have been studied previously. In cases where other experimental data are available, the results are compared. Thermodynamic cycles are also reported when possible as a test of the reliability of the data generated.
The method employed is illustrated in detail for a small and for a relatively large PAH, for which experimental data are available. These model calculations are intended to document both the method and the applicability of the standards used in providing reliable * Corresponding author. E-mail: jsc@umsl.edu. Phone: 314 516 5377.
vapor pressures and vaporization enthalpies for compounds for which this data may be unavailable at T ) 298.15 K. The two compounds chosen for this purpose are fluorene and triphenylmethane. 8, 9 The vaporization enthalpies of both compounds at T ) 298.15 K are available as are vapor pressure data at elevated temperatures. Using the temperature dependence of retention time of these two compounds along with those of the standards and the vapor pressures of the standards, it was also possible to compute the vapor pressure of these two materials as a function of temperature. The vapor pressure results from these correlations were then tested against experimental vapor pressures at elevated temperatures for which experimental data are available. Finally, a summary of the temperature dependence of vapor pressure and vaporization enthalpies of a series of PAHs for which little or no data are available is reported. Details regarding the experimental retention times are provided in Supporting Information. Also included in the Supporting Information are the references to some of the vaporization enthalpies used as standards not reported below.
Experimental
All PAHs used in this study were obtained from various commercial sources and used as is. All were analyzed by gas chromatography, and most were found to have purities of 99 %+. Since all were analyzed as mixtures, the initial purity of these materials is not as important as in studies where the thermochemical properties are highly dependent on purity. Correlation gas chromatography experiments were performed on two different HP 5890 Series II gas chromatographs equipped with split/splitless capillary injection ports and flame ionization detectors at a split ratio of approximately 100/1. Retention times are reported to three significant figures following the decimal point using an HP 3396 Series III integrator. The compounds were run isothermally mostly on a 30 m SPB 5 column. While enthalpies of transfer do depend on the nature of the column used, the results following the correlation remain independent of the nature of the column within the reproducibility of the results. Temperature was controlled to ( 0.5 K. Helium was used as the carrier gas. At the temperatures of the experiments, the retention time of methane or of the solvent used, CH 2 Cl 2 , increased with increasing temperature. This is a consequence of the increase in viscosity of the carrier gas with temperature: it is the criterion that has been used to confirm that the reference was not being retained on the column. The retention time of the reference was used to determine the dead volume of the column. Adjusted retention times, t a , were calculated by subtracting the measured retention time of the nonretained reference from the retention time of each analyte as a function of temperature, generally over a 30 K range. Column temperatures were controlled by the gas chromatograph and were monitored independently by using a Fluke digital thermometer. Temperature maintained by the gas chromatograph was constant to ( 0.1 K. Enthalpies of transfer were calculated as the product of the slope of the line obtained by plotting ln(t o /t a ) vs 1/T and the gas constant, R. All plots of ln(t o /t a ) vs 1/T, where t o ) 1 min, were characterized with correlation coefficients, r 2 , > 0.99. Unless noted otherwise, p o ) 101.325 kPa. The retention times measured for all analytes are reported in the Supporting Information. The uncertainties (( σ) reported in the last column of these tables were calculated from the uncertainty in the slope and intercept of the equations listed at the bottom of each respective table. These uncertainties reflect the potential error in the absolute value of the vaporization enthalpy.
The fusion enthalpy for biphenylene is also reported. The value was measured on a Perkin-Elmer DSC 7. The instrument was standardized using both indium and naphthalene. Details of the measurements are given in the Supporting Information
Results on Fluorene and Triphenylmethane
Fluorene and triphenylmethane were used as test cases to determine whether the n-alkanes are suitable standards to evaluate vaporization enthalpies of the PAHs whose vaporization enthalpies are unavailable. Anthracene was also included as a typical PAH. The retention times of these materials are provided in Table 1A . Plots of ln(t o /t a ) where t o ) 1 min and t a represents the difference in retention time of each analyte and the nonretained solvent, CH 2 Cl 2 , resulted in the slope and intercepts reported in Table 1B , respectively (Table 1B) . These results suggest that the n-alkanes are suitable standards for evaluating vaporization enthalpies of PAHs. Literature vaporization enthalpy values for fluorene and triphenylmethane were used as known values in subsequent correlations.
To determine how suitable the n-alkanes are for evaluating vapor pressures of the PAHs, the slopes and intercepts reported in Table 1B were used to evaluate the vapor pressures of fluorene and triphenylmethane as a function of temperature. Literature values of ln(p/p o ) for hexadecane, anthracene, octadecane, and eicosane at T ) 298.15 K were correlated with ln(t o /t a ) values calculated for these compounds from the slopes and intercepts of Table 1B . The results are shown in Table 2 . The correlation equation generated, eq 2, was used along with ln(t o /t a ) values of fluorene and triphenylmethane, also calculated from their respective slopes and intercepts, to obtain ln(p/p o ) values for these two PAHs at T ) 298.15 K. Repetition of this correlation over the temperature range T ) 298.15 K to T ) 540 K at T ) 30 K intervals resulted in ln(p/p o ) values for fluorene and triphenylmethane as a function of temperature that were fit to the following third-order polynomial
The reference pressure, p o , refers to 101.325 kPa. The parameters used to calculate experimental vapor pressures used as reference for comparisons for this and the other correlations reported in this article are provided in Tables 3A to 3C . The parameters in Table 3A were used in conjunction with the Cox equation
T b refers to the normal boiling temperature. The parameters in Table 3B were used with eq 3, and the parameters in Table 3C were used with the Wagner equation, eq 5
T r ) T/T c . Table 4 reports the coefficients for eq 3 that were obtained for fluorene and triphenylmethane. As mentioned (Table 3D) . 
slope 
above, vapor pressures for fluorene 8 and triphenylmethane 9 have been reported at elevated temperatures, T ) (383 to 428) K and T ) (343 to 462) K, respectively (Table 3D ). Figure 1 illustrates the fit between the vapor pressures derived by correlation (line) and the experimental values (symbols) in the literature. The average absolute deviation in ln(p/p o ) between 
those calculated by correlation and experimental results for fluorene and triphenylmethane was 0.024 and 0.069, respectively, over the temperature range indicated above. These results demonstrate that the suitability of using n-alkane vapor pressure data as standards for PAHs. Table 5 summarizes the results of a number of correlations using known vaporization enthalpies of various n-alkanes and PAHs to evaluate the vaporization enthalpies of a series of other PAHs that are unknown. The equation correlating vaporization enthalpies of the known values with enthalpies of transfer are given below each correlation. The uncertainties associated with vaporization enthalpies reported for each correlation were calculated from the uncertainty associated with the slope and intercept associated with each correlation equation, eqs 6 to 24. The vaporization enthalpy results are summarized in Table 6 . In cases where the vaporization enthalpy was measured by more than one correlation, the uncertainty associated with the mean is an average of each uncertainty.
Vaporization Enthalpies of PAHs
Since the vaporization enthalpies of the PAHs studied are solids at room temperature, comparison of the values obtained in this study can not be directly compared to experimental values. However, it is possible to evaluate some of the results using thermodynamic cycles. Available experimental sublimation and fusion enthalpies were used in conjunction with eq 25 to evaluate the vaporization enthalpy of a number of these compounds. Table 7 summarizes the results calculated according to eq 25 and the values measured by correlation-gas chromatography for those cases where sufficient experimental sublimation and fusion data are available. In cases where experimental sublimation enthalpy data were not available at T ) 298.15 K, eq 26 was used to adjust sublimation enthalpies from the temperature of measurement to T ) 298.15 K. Equation 27 was used to adjust fusion enthalpies from the melting temperature to T ) 298.15 K. 13, 17 These temperature adjustments require heat capacities of the condensed phases, C p (cr), C p (l). Heat capacities, estimated by group additivity, are also included in Table 7. 18 (27) An examination of Table 7 in cases where it has been possible to construct thermochemical cycles shows that the vaporization enthalpies measured in this work fall within the experimental uncertainties associated with the values calculated by eq 25. Table 6 also includes vaporization enthalpy values estimated by a simple two-parameter equation, eq 28
where n C refers to the total number of carbons and n Q refers to the number of quaternary sp 3 hybridized carbon atoms. Comparison of the last two columns of Table 6 clearly shows that eq 28 underestimates the vaporization enthalpies of the polyaromatic hydrocarbons, particularly those that are planar or near planar. The tendency of eq 28 to underestimate aromatic hydrocarbons, particularly the larger ones, has previously been observed. 32 
Vapor Pressures of The PAHs Studied
Using the temperature dependence of retention times provided in Table 5 along with ln(p/p o ) values calculated for the standards using eqs 3, 4, and 5 and the parameters in Tables 3A to 3D , ln(p/p o ) values for the PAHs listed in Table 5 were correlated with ln(t o /t a ) values using the protocol described above over the temperature range T ) (298.15 to 510 K) at T ) 30 K intervals. In cases where the temperature dependence of retention time of a particular substance was evaluated in more than one correlation, the ln(t o /t a ) values from each correlation were averaged and the average value was correlated against ln(p/p o ) of the standards. The resulting ln(p/p o ) values obtained by correlation were then plotted against 1/T and the resulting curve fit to eq 3. The parameters resulting from the fit are summarized in Table 8 .
Experimental subcooled vapor pressure data near ambient temperatures for most of the PAHs studied are not available. Data are available for diphenylmethane which is a low melting solid. While the vaporization enthalpy of diphenylmethane was used as a standard, the vapor pressures of this substance were not, and therefore the equations describing the retention dependence on temperature in runs 2 and 3 of Table 5 were used to calculate ln(p/p o ) values for this substance as a function Subcooled vapor pressures for a number of PAHs have been reported in the literature. Most of these have been measured by gas chromatography using approaches that differ from the approach used in this work. Table 9 compares values in the literature at T ) 298.15 K with those obtained in this work. Our results appear to be in best agreement with the subcooled liquid vapor pressures cited in column 4 calculated from the vapor pressure of the solid according to the equation given in footnote a of Table 9 . The results in column 3 were also obtained by gas chromatography using a different protocol. Vapor pressures of the remaining PAHs not listed in this table can be calculated over the temperature range T ) 298.15 to T ) 510 K using eq 3 and the parameters listed in Table 8 .
Summary
Vapor pressures and vaporization enthalpies of a series of PAHs have been evaluated by correlation-gas chromatography. The vaporization enthalpy results appear in good agreement with literature values. The largest discrepancy in vapor pressure is observed for benzo[a]pyrene for which the vapor pressure is off by approximately a factor of 2.
Supporting Information Available:
Tables including the experimental retention times described in the text and literature references of the standards used. This material is available free of charge via the Internet at http://pubs.acs.org. 2.81 · 10 , where p L, p S, ∆ fus S, R, T fus , and T represent the vapor pressure of the liquid and solid, the entropy of fusion, the gas constant, the melting temperature, and T ) 298.15 K, respectively.
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